INTRODUCTION 46
Leptospirosis is an emerging widespread zoonotic disease caused by pathogenic 47 spirochetes of the genus Leptospira. The infection commonly occurs through direct 48 contact with infected urine or indirectly through contaminated water (1). Caused by over 49 250 serovars of Leptospira spp., which are mainly hosted by rodents, leptospirosis 50
shows clinical manifestations in humans that vary from flu-like symptoms to multi-organ 51 failure (2). In humans, morbidity estimates are ~1 million cases a year worldwide with a 52
5-10% mortality rate (1), (3). 53
Differences in susceptibility to inflammatory responses between males and 54 females have been noted for a number of years and sex is now accepted as a risk 55 factor to infectious and autoimmune diseases (4), (5), (6). Although evidence that 56 women are more susceptible to leptospirosis was reported in the past (7), more recent 57 clinical and sero-epidemiological evidence suggests that incidence of human 58
Leptospirosis is higher in males than in female adults and children (8), (9), (10), (11) . 59
Furthermore, its severe clinical signs requiring hospitalization are also more frequently 60 observed in men (12), (13). Most studies focused on identification of motility factors, 61 LPS biosynthesis and outer membrane proteins using animal models of acute 62
Leptospirosis have been done using male hamsters (14), (15) significance was set to P < 0.05. 137
RESULTS

139
Female hamsters are more resistant to Leptospirosis than their male 140 counterparts. Groups of hamsters were infected intraperitoneally with 10 3 , 5x10 3 or 10 L. interrogans serovar Copenhageni strain Fiocruz L1-130 and were monitored for 142 objective clinical signs of infection (weighloss and survival) for 28 days. Overall, female 143 hamsters gained body weight significantly (between 20 -40%), whereas male survivors 144 increased body weight by only 8% (p<0.0001); differences in weight were also observed 145 in non-infected controls although the latter were not significant (Fig. 1) . Regarding 146 survival, female hamsters infected with 10 3 or 5x10 3 , did not develop any symptom of 147 disease and 100% of these survived, whereas only 25% and 0% of the groups of males 148 infected with the same doses survived, respectively (Logrank Exact test p=0.1429 and 149 p=0.0285); in the groups infected with 10 4 bacteria, 37.5% of females survived whereas 150 0% of the males infected with the same dose survived, p=0.0085 (Fig. 2) . Non-survivors 151 reached endpoint criteria between days 9-15 post-infection. Two male hamsters 152 succumbed to Leptospira infection before showing signs of disease or reaching weight 153 loss endpoint criteria. All the non-infected controls (n=8) survived 28 days until 154 termination. Overall, 15/16 (93.7%) male hamsters succumbed to infection whereas 155 2/16 (12.5%) female hamsters succumbed to the same infection doses. Overall 156 differences between all the infected males and females (10 3 , 5x10 3 , and 10 4 ) was 157
analyzed with Logrank Exact test and it was significant, p<0.0001.
Leptospira burden was higher in kidney of male hamsters. The kidneys of male and 160 female hamsters were collected at termination and the presence of leptospiral DNA was 161 detected by PCR. Male hamsters had significantly higher (2-5 logs) genome equivalents 162 of L. interrogans in the kidney than the females in the respective infected groups; 163 infection with the lowest dose (10 3 ) resulted in a 4Log increase of L. interrogans in the 164 kidneys of male hamsters 28 days later, whereas the females had a reduction of ~1Log 165 (Fig. 3) . In males, increasing doses did not lead to increased amounts of Leptospira in 166 the kidney (remained around 10 7 /mg tissue), whereas the opposite was true for females 167 that showed an exponential increase of Leptospira in kidney as a result of increased 168 infection doses (~10 2 to 10 6 /mg tissue) ( survivor hamsters (~15% and 7%, respectively) (Fig 6A) . At the molecular level, 206 fibroblast activation marker (collagen1 A1, ColA1) mRNA expression was 10x higher in 207 kidneys of infected non-survivors (2.7 ± 2.5) than in survivors (0.27 ± 0.14). However, 208 inducible nitric oxide (iNOS) which has been associated both with potentially resolving 209 inflammation as well as fibrosis in mouse kidney, was not different between survivor and 210 non-survivor groups (Fig. 6B) . 211
212
DISCUSSION 213
There is evidence from clinical and seroepidemiologic data that sex impacts 214 severity of leptospirosis with a bias toward higher hospitalization rates for men (8), (9), 215 (10), (11), (12), (13). A comprehensive study of sex differences in clinical leptospirosis 216 in Germany found that male patients were more likely to be hospitalized than female 217 patients and suggested that reports on male predominance in leptospirosis may thus 218 reflect sex-related variability in the incidence of severe disease rather different infection 219 rates (30). However, several reports of leptospirosis outbreaks where males and 220 females have similar levels of exposure, have found no significant effects of sex 221 differences on development of illness (31), (32), (33) . 222
Very few researchers have devoted resources to evaluate the question of 223 susceptibility to severe disease related to sex in animal models. We evaluated how sexaffects pathology, disease progression and mortality after Leptospira infection using an 225 acute model of leptospirosis and we found that male hamsters are considerably more 226 susceptible to lethal infection with pathogenic Leptospira than female animals: 93.7% of 227 males did not survive infection as opposed to 87.5% of females who did survive the 228 same infectious doses. Analysis of weight of the animals infected with increasing doses 229
of Leptospira showed that males are more susceptible to lose weight as a sign of 230 disease progression and to meet endpoint criteria sooner than females exposed to the 231 same conditions, independently of the infecting dose. These data are consistent with 232 another comparative study that assessed severity of pulmonary leptospirosis in female 233 and male hamsters. In that study, male hamsters developed pulmonary hemorrhage 234 after infection with L. interrogans serovar Hebdomadis 120 h post-infection, whereas its 235 female counterparts did not (34). One study of human leptospirosis performed in the 236
Netherlands, showed that 90% of the reported cases happened in male patients and 237 that the severity of the disease among males does not appear to be related to infections 238 caused by more virulent serovars (12). However, in a study performed in Germany, 239 Jansen et al found that male patients (n=263) had more severe clinical outcomes of 240 leptospirosis and higher case fatality rates relative to their female counterparts (n=75), 241 (5% versus 1%, respectively) without significant differences in the type of exposure, or 242 time from onset of symptoms to treatment (4.5 days for both) (30). Even though it may 243 be difficult to resolve whether the disease is aggravated by genetic, hormonal, and 244 immunological differences or to exposure-related or to behavior-related issues 245 associated with male behavior (35), our results corroborate Tomizawa (hamster) andinfectious conditions as males, are more resistant to development of symptoms and 248 develop milder disease. In this case, regarding exposure to the same infectious doses 249 under the same conditions, sex differences appear to play an important role in the 250 severity of leptospirosis. 251
Another observation from our study is that male hamsters were equally 252 susceptible to low and high doses of infection, whereas female susceptibility increased 253 with higher infection doses. When we quantified the Leptospira DNA in the kidney, male 254 characterized by high levels of TNF-α and IL-10 (36), (2). Similarly, high levels of TNF-273 α, IL-1beta, IL-6, IL-8 and IL-10, and were reported in serum from septic patients (37). 274 Also, another report showed higher levels of CxCL10 (IP-10) which is associated with 275 cell-mediated immunity in leptospirosis patients (38). These data suggest that for 276 Leptospira eradication, less pro-inflammatory response correlate with better pathology 277 and survival outcomes. Production of pro-inflammatory chemokines reflects an immune 278 response that may promote further renal damage. Fibroblast activation marker 279 (collagen1 A1, ColA1) and iNOS are known to play important roles in Leptospira-280 induced interstitial nephritis (39), (40) and kidney fibrosis (41) in mice.
The 281 quantification of mRNA transcripts in kidney of non-survivor hamsters showed up-282 regulation of ColA1, but not iNOS, which was absent. These results suggest that, in 283 hamsters, ColA1 is a marker of severe kidney pathology. 284
Our results indicate that male hamsters infected with L. interrogans ser. 285
Copenhageni succumb to severe leptospirosis after exposure to infection doses 1Log 286 lower than females. Once the critical dose is reached females also succumb to 287 infection. It remains to be seen if this difference in susceptibility can be explained by 288 distinctions in immune responses to pathogenic Leptospira between males and females 289 that may account for more effective control of L. interrogans dissemination in females 290 early in the infection. In endemic areas, humans are more often exposed to the lower 291 infection doses (˜10infectious doses in nature and increased biological susceptibility both contribute for 294 aggravated outcomes of leptospirosis in males. It is notable that most studies using 295 acute animal models of infection have been done using males. Consequently, there's a 296 male-bias in the knowledge acquired for Leptospirosis to date. Lethal leptospirosis 297 needs to be further explored in side-by-side comparative studies between males and 298 females in hamsters and in other animal models. B.
